with simple accelerating structures, high repetition rates and significant charge per bunch.
Increasing the operational frequency of accelerators into the THz band allows for greatly increased accelerating gradients due to reduced complications with respect to breakdown and pulsed heating. Electric fields in the GV/m range have been achieved in the THz frequency band using all optical methods 7 . With recent advances in the generation of THz pulses via optical rectification, in particular improvements in conversion efficiency [8] [9] [10] and multi-cycle pulses 11 , increasing accelerating gradients by two orders of magnitude over conventional linear accelerators (LINACs) has become a possibility. These ultra-compact THz accelerators with extremely short electron bunches hold great potential to have a transformative impact for free electron lasers, future linear particle colliders, ultra-fast electron diffraction, x-ray science, and medical therapy with x-rays and electron beams.
At RF frequencies where conventional sources (klystrons, etc.) are efficient, surface electric field gradients in accelerating structures are limited by RF induced plasma breakdown. Empirically, the breakdown threshold has been found 12, 13 to scale as E s ∝ f 1/2 /τ 1/4 where E s is the surface electric field, f is the frequency of operation and τ is the pulse length indicating that higher frequencies and shorter pulse durations are clearly beneficial. Additionally, low frequencies (i.e. GHz) inherently require long RF pulses because a single RF cycle is long (on the order of ns) and traditional sources work most efficiently when operating over a very narrow frequency spectrum (i.e. long pulse length). Practically, this results in a significant amount of average power coupled into the structure if a high repetition rate is used.
If high accelerating gradients are desired, presently available ultrafast near-IR terawatt and petawatt laser technology based on chirped pulse amplification allows for multi-GeV/m gradients 6, 14 .
However, due to the short wavelength, infrared optical pulses prove difficult to use for the acceleration of electrons with significant charge per bunch. In order to prevent emittance growth and increased energy spread, the electron bunch needs to occupy a small fraction of the optical cycle.
Even for a long-infrared wavelength of 10 µm, 1 o of phase in the optical wavelength corresponds to only ∼28 nm. Another practical concern would be the timing precision between the optical cycle and the arrival of the electron bunch. For example, 1 o phase jitter, commonly required for operational accelerators, requires less than 10 attosecond timing jitter between the optical pulse and the electron bunch, which is extremely challenging to achieve with present capabilities. Difficulties increase further when considering the available options for guiding the optical light in order to decrease the phase velocity to match the electron beam. A guided mode at 10 µm would require sub-micron precision for aligning the electron bunch and the optical waveguide.
Alternatively, laser-plasma wakefield accelerators have demonstrated GV/m accelerating gradients 4, 15, 16 with 100 TW -PW low repetition rate sources with percent-level energy spread and jitter for the electron bunch. The complexity of these plasma-wakefield accelerators is significant because the acceleration mechanism relies on plasma bubbles which are easily subject to instabilities.
THz frequencies provide the best of both worlds. On one hand the wavelength is long enough that we can fabricate waveguides with conventional machining techniques, provide accurate timing and accommodate a significant amount of charge per bunch. At 0.3 THz the wavelength is 1 mm and 1 o of phase precision corresponds to 10 fs timing jitter, which is readily achievable 17 . On the other hand, the frequency is high enough that plasma breakdown threshold for surface electric field increases into the multi-GV/m range 18 . Additionally, using optical generation techniques we can have very short THz pulses (≤100 ps) which allows for a limited amount of pulsed heating and a limited amount of average power loading to high repetition rates (on the order of kHz and above).
Both the increase in operational frequency as well as the reduction in pulse length will play a role in increasing the breakdown limit.
Here we report the first experimental demonstration of linear electron acceleration using an optically-generated 10 µJ single-cycle THz pulse centered at 0.45 THz. The THz pulse accelerates electrons in a circular waveguide consisting of a dielectric capillary with a metal outer boundary.
The dielectric slows the group and phase velocity of the THz wave allowing it to capture and accelerate low energy electrons. A schematic view of the THz accelerator is shown in Figure 1 (a) with a photograph of the THz LINAC in Figure 1 (b). Using 60 keV electrons an energy gain of 7 keV is observed in a 3 mm interaction length. The single-cycle THz pulse, see Figure 1 (c-e), is produced via optical rectification of a 1.2 mJ, 1 µm laser pulse with a 1 kHz repetition rate.
The THz pulse, whose polarization is converted from linear to radial by a segmented waveplate, is coupled into a waveguide with 10 MeV/m peak on-axis accelerating gradient. A 25 fC input electron bunch is produced with a 60 keV DC photo-emitting cathode excited by a 350 fs UV pulse. The achievable accelerating gradient in the THz structures demonstrated in this work is a GeV/m with an IR pulse energy of 100 mJ 19 when optimized for relativistic electron beams 20 .
In this experiment, the THz waveguide supports a traveling TM 01 mode that is phase-matched to the velocity of the electron bunch produced by the DC photoinjector. A traveling-wave mode is advantageous when considering the available single-cycle THz pulse because it does not require resonant excitation of the structure. A dielectric-loaded circular waveguide was selected due to the ease of fabrication in the THz band. The inner diameter of the copper waveguide is 940 µm with a dielectric wall thickness of 270 µm. This results in a vacuum space with a diameter of 400 µm. The significant thickness of the dielectric is due to the low energy of the electrons entering the structure, and will decrease significantly at higher energy. One critical aspect for THz The electron beam energy is determined via energy-dependent magnetic steering with a dipole located after the accelerator. Figure 2(a-b) shows images of the electron beam produced by the micro-channel plate detector. The measured energy spectrum from the electron bunch with and without THz is shown in Figure 2 An increase in emittance from a transverse emittance of 25 nm-rad and a longitudinal emittance of 5.5 nm-rad after a pin-hole located at the waveguide entrance is due to the long electron bunch length compared to the THz wavelength and can be easily remedied with a shorter UV pulse length.
The energy gain achieved during the interaction of the electron bunch with the THz pulse is dependent on the initial energy of the electrons, because the setup is operated in the non-relativistic limit where the velocity of the electrons varies rapidly. If the initial energy is too low, acceleration is not observed. In Figure 3 In conclusion, optically-generated THz pulses were used to accelerate electrons in a simple and practical THz accelerator for the first time. An energy gain of 7 keV was achieved over a 3 mm interaction length with good modeled emittance. Performance of these structures improves with an increase in electron energy and gradient making them attractive for compact accelerator applications. With upgrades to pump laser energy and technological improvements to THz sources, GeV/m gradients are achievable in dielectric-loaded circular waveguides. The available THz pulse energy scales with IR pump energy, with a recently reported result of 0.4 mJ and ∼1% IR-to-THz conversion efficiency 21 . Multiple stages of THz acceleration can be used to achieve higher energy gain with additional IR pump lasers for subsequent stages. This proof-of-principle THz linear accelerator demonstrates the potential for an all-optical acceleration scheme that can be readily integrated into small-scale laboratories providing users with electron beams that will enable new experiments in ultra-fast electron diffraction and x-ray production.
Methods
THz Pulse Generation The THz pulse which is used in the accelerating structure is generated with optical rectification of 700 fs, 1.03 µm pulses in cryogenically cooled stoichiometric Lithium
Niobate ( quarter-wave plate followed by a polarizer converts the field-induced birefringence to an intensity modulation, and the intensity modulation is measured using a balanced detector with a delay scan.
Radially Polarized THz Beam
The THz pulse generated by optical rectification is linearly polarized, which is not compatible with the TM 01 mode used in the accelerating structure. A segmented half waveplate was used to convert the linearly-polarized light to radially-polarized light. Each segment of the waveplate imparts the appropriate rotation to the polarization to transition from a linear to a radially-polarized beam which couples well in the far field to the TM 01 mode of the accelerating structure. A segmented λ/2 waveplate with 8 segments of ∼8 mm thick quartz designed for operation at 0.45 THz was used. 
Structure Testing

